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The discovery of supersymmetry (SUSY) via action of the cold dark matter candidate is being 
led on the indirect collider production front by the LHC, and correspondingly by the XENON100 
collaboration on the direct detection front. We undertake a dual case study of the specific SUSY 
signatures which the No-Scale flipped 5*17(5) x U(l)x grand unified theory with TeV-scale vector- 
like particles (No-Scale J--SU(5)) would exhibit at each of these experiments. We demonstrate 
a correlation between the near-term prospects of these two distinct approaches. We feature a 
dark matter candidate which is over 99% bino due to a comparatively large Higgs bilinear mass 

term around the electroweak scale, and thus automatically satisfy the current constraints from 
the XENON100 and CDMS/EDELWE1SS experiments. We do however expect that the ongoing 
extension of the XENON100 run may effectively probe our model. Likewise, our model is also 
currently being probed by the LHC via a search for events with ultra-high multiplicity hadronic 
jets, which are a characteristic feature of the distinctive No-Scale J--SU(5) mass hierarchy. 
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I. INTRODUCTION 

The possibility that common baryonic matter repre- 
sents only a small fraction of our Universe's net positive 
non-gravitational energy budget was first suggested in 
1933 by Zwicky [![, motivated by anomalies in the com- 
parison of observed galactic rotation curves to predictions 
based on visible stellar content. The notion of dark mat- 
ter (DM) has since become a pillar of modern cosmol- 
ogy, lent independent support by detailed measurement 
of O (10 -5 ) anisotropics in the Cosmic Microwave Back- 
ground (CMB). Indeed, the proportional allocation by 
the WMAP satellite of baryonic matter ~ 4%, cold 
dark matter (CDM) ~ 23%, and dark energy (a cosmo- 
logical constant) ~ 73% within a cosmologically flat unit 
normalization is now axiomatically familiar. 

The essential non-baryonic character of the vast ma- 
jority of non-luminous matter is inferred i) by extrapo- 
lating from the current abundance ratios of light isotopes 
back to the required density of baryonic particles during 
big bang nucleosynthesis, and ii) by studying the resid- 
ual imprint onto the CMB acoustic peaks of interactions 
prior to decoupling with the photonic radiation of the 
primordial plasma. The fact that dark matter should be 
primarily cold, i.e. possessing a non-relativistic thermal 
speed at the time of its own decoupling, is forced pri- 
marily by the requirements of large scale structure for- 
mation. Highly relativistic matter cannot clump suffi- 
ciently to account for the "bottom-up", or small-to-big 
creation of structure which observation favors. Of course, 
the requirement that the cold DM (CDM) is indeed dark, 



i.e. that it not scatter electromagnetic radiation, further 
implies charge neutrality Q . A stable Weakly Interacting 
Massive Particle (WIMP), having a canonical weak-scale 
mass, may elegantly account for a thermal CDM relic 
density of the correct magnitude order [| . Although the 
Standard Model (SM) contains no particle which may 
represent the CDM, extensions featuring Supersymme- 
try (SUSY) - as independently essential for stabilization 
of the electroweak (EW) mass hierarchy against devastat- 
ing Planck-scale quantum corrections - do provide natu- 
ral candidates in the form of the lightest supersymmetric 
particle (LSP) [6][5|, protected from decay by conserva- 
tion of i?-parity. 

The Large Hadron Collider (LHC) at CERN has been 
steadily accumulating data from y/s = 7 — 8 TeV proton- 
proton collisions since March 2010 at the CMS and AT- 
LAS Experiments, and is projected to reach an integrated 
luminosity of about 25 fbU 1 by the end of 2012. However, 
early LHC results have produced no definitive signal of 
supersymmetry, severely constraining the experimentally 
viable parameter space of the CMSSM and mSUGRA 
(for example, see Refs. |M3). The absence of a hint of 
supersymmetry to date has advanced the constraints on 
the viable CMSSM and mSUGRA model space, posing 
the question of whether there exist SUSY and/or super- 
string post-Standard Model extensions that can evade 
the LHC constraints thus far imposed, though remaining 
within the current and near-term reach of the LHC. 

Meanwhile however, there is a credible dark horse in 
the chase for dark matter, that being the much smaller 
scale direct detection experiments. This effort is being 
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led by the XENON100 collaboration [HIG3, whose ex- 
pansion in the last year to a fiducial detector mass of 
62 kg of ultra-pure liquid xenon has promptly netted a 
near ten-fold improvement over the CDMS and EDEL- 
WEISS experiments [l3[ in the upper bound on the spin- 
independent cross section for scattering WIMPs against 
nucleons. This limit likewise begins to cut incisively 
against the favored regions of the CMSSM. 

The exploration of the existence of dark matter persists 
not only between parallel experimental search strate- 
gies, but also between competing theoretical propos- 
als. Recently, we have studied in some substantial de- 
tail a pro mising model by the name of No-Scale T- 
SU(5) [1J-[33|, which is constructed from the merger of 
the ^"-lipped SU(5) Grand Unified Theory (GUT) [M- 
[3^1 , two pairs of hypothetical TeV scale vector- like super- 
symmetric multiplets with origins in ^-theory [37h41| . 
and the dynamically established boundary conditions of 
No-Scale Supergravity [42-461]. The viable parameter 
space of No-Scale T-SU(5) has been comprehensively 
mapped [20(, which satisfies the "bare minimal" phe- 
nomenological constraints, gives the correct CDM relic 
density, and is consistent with a dynamic determination 
by the secondary minimization of the Higgs p otential via 
the "Super No-Scale" mechanism [H, dl Hfl, HI ■ 

In the present work we undertake as a dual case 
study the specific elaboration of what detection of a uni- 
fied SUSY DM signal emerging from this preferred re- 
gion would look like at XENON100 and the LHC. An 
unambiguous declaration of the discovery of supersym- 
metric dark matter will actually demand complemen- 
tary breakthroughs from both experiments. Specifically, 
XENON100 and the direct detection searches can only in- 
trinsically claim detection of a WIMP, and cannot alone 
confirm the identification as a SUSY neutralino. Con- 
versely the LHC and collider experiments may poten- 
tially observe the standard SUSY signal of missing en- 
ergy plus hadronic jets only by letting the target DM 
candidate pairwise escape the detector. 

Thus, we believe it is essential to assess the correlations 
tangibly present between both experimental approaches. 
In order to comprehensively ascertain the interconnection 
between the direct and indirect detection methodologies, 
the supersymmetric model under study must have the 
capacity to support and allow the discovery of such a cor- 
relation. We present here a model that naturally admits 
the essential linkage necessary for delineating the direct 
and indirect detection interrelationship, and shall employ 
it to numerically and graphically demonstrate a clearly 
defined and testable example of LHC and XENON100 
complementarity. 



II. THE CURRENT STATE OF DARK MATTER 
DETECTION 

WIMPs have been searched for extensively, by collider 
experiments such as LEP, as well as other experiments 



at the Tevatron and LHC, and by direct detection exper- 
iments such as CDMS 0, EDELWEISS 0, LUX [U, 
and XENON100 [H3|. The former look for the charac- 
teristic missing energy signal attributable to an escap- 
ing WIMP produced in situ, while the latter, shielded 
deep underground, attempt to register the scintillation 
induced by recoil of heavy nuclei within a stationary tar- 
get from the scattering of environmental DM particles. 

CDM candidates which mix strongly with the Z bo- 
son have already been excluded. For a WIMP mass of 
90 GeV, the CDMS and EDELWEISS experiments have 
placed an upper bound on the DM-nucleon cross section 
of 3.3 x 10~ 44 cmi(3.3 x 1CT 8 pb) at the 90% Confi- 
dence Level (CL) In addition, the XENON100 ex- 
periment has probed the spin-independent DM-nucleon 
cross section down to 2 x 10 -45 cm 2 (2 x 10~ 9 pb) for a 
WIMP mass of 55 GeV 0, also at the 90% CL. Three 
candidate events were observed in the XENON100 study 
cited, but given the background expectation of (1.8±0.6) 
events, it does not constitute statistically significant evi- 
dence of actual DM [TO]- Absent still a definitive signal, 
the CDMS, EDELWEISS, and XENON100 experiments 
have already given very strong constraints on some viable 
parameter space of the supersymmetric standard model 
(SSM) [5ll, |H2|. For example, the "well-tempered" LSP 
neutralino scenario [53| and the "focus-point" region 
l56j are now highly disfavored, since the higgsino compo- 
nents of the LSP neutralino are generically too large. 

The high energies accessible to the LHC have signif- 
icantly relaxed the kinematic restrictions on the avail- 
able phase space of SUSY production processes, and the 
enlarged collision cross-sections allowed the ATLAS and 
CMS collaborations to rapidly match and overtake long 
standing Tevatron and LEP limits. Concern has been 
raised that such a significant reach into the parameter 
space of the CMSSM, having thus far observed no sig- 
nal of supersymmetry, bodes ill for the SUSY search at 
large. This seems still quite premature. Our perspective 
rather, is that at such a critical juncture in the search 
for dark matter, when two experiments of unprecedented 
scope each extend their reach into the model space where 
dark matter can plausibly be detected, the search for 
phenomenologically consistent and theoretically efficient 
models which can survive the advancing experimental 
constraints, while making clear and testable predictions, 
takes on an elevated relevance and immediacy. 

The exacting WMAP7 Q measurements of the CDM 
relic density constitute a relatively strong constraint, and 
the construction of a model which makes compliant pre- 
dictions naturally is quite non-trivial. In particular, the 
identity of the LSP field itself is critical to the size of 
the predicted annihilation cross-sections. In the SSM, 
there are several DM candidates, such as the LSP neu- 
tralino, gravitino, and sneutrino, etc. where the LSP 
neutralino has been studied extensively. There are four 
neutralinos Xi m the minimal SSM, which are the mass 
eigenstates for the half-spin superpartners to the neutral 
(B, W°) gauge fields and scalar Higgs fields, i.e. the bino 
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B, the wino W° and the two higgsinos H® and H® [57i — 
[59|[1|. The physical LSP \i wm represent the lightest 
linear combination of these four fields [5714591 ] [j| . In gen- 
eral, the bino-component dominant LSP neutralino in 
isolation overshoots the correct CDM relic density, hav- 
ing a characteristically small annihilation cross section. 
By contrast, the wino-component or higgsino-component 
dominant LSP neutralino, which has a large annihila- 
tion cross section, tends to make relic density predictions 
which are too small. The selection of a suitable admix- 
ture may be considered an unwelcome source of fine tun- 
ing. 



To compensate for this effect, a WIMP mass of a few 
TeV is generically required if the dominant component 
of the LSP neutralino is wino or higgsino. However, the 
SUSY breaking scale is then similarly enhanced, mean- 
ing that yet another element of fine-tuning is required 
in order to obtain the correct EW scale. On the con- 
trary, if the LSP is dominantly bino flavored, then a sup- 
pression of the DM relic density is required, and there 
are three well established solution classes available: i) 
the bulk region with a restriction to moderate supersym- 
metry breaking soft masses |6[ [5| , ii) the coannihilation 
region which can extend upward to relatively large super- 
symmetry breaking soft masses [60l l6lj , and iii) the Higgs 
pole region 62j . The mechanism of coannihilation, repre- 
senting the mutually associated annihilation of two SUSY 
particles, is quite appealing, and is often invoked to di- 
lute the residual DM. Nonetheless, this approach requires 
that some conspiracy of near mass-degeneracy occur be- 
tween the neutral LSP and the next-to-the-lightest su- 
perpartner (NLSP). Although some suitable narrow strip 
of parameter space may often be delineated, within say 
the {Mx/2, Mq) plane of an mSUGRA based construction, 
this again could suggest fine tuning. 



It is essential to recognize though that the onus of proof 
for the fine tuning charge is not satisfied solely by the 
appearance of tuning in the final state numerics. Even a 
model which relies upon an apparently specific spectral 
distribution may be classified as natural if a system of 
dynamics, driven by well motivated symmetries, uniquely 
focuses predictions toward the desirable outcome, or at 
least provides for an agreeably broad solution space. One 
positive step toward satisfaction of this objective would 
be the establishment of a dynamically driven predilec- 
tion toward a bino dominated LSP. In this example, the 
limits from CDMS, EDELWEISS, and XENON100 are 
naturally relaxed since only the higgsinos couple directly 
to the Z boson. The question of whether there exist well 
motivated supersymmetric models that can satisfy the 
current CDM direct detection experiments, yet are still 
potentially testable within the near-term future of the 
LHC and XENON100 experiments, is clearly then one of 
great importance. 



III. NO-SCALE T-SU(5) 

The No-Scale T-SU(5) construction inherits all of the 
most beneficial phenomenology [63| of flipped SU(5) (33 - 
HH, as well as all of the valuable theoretical motivation 
of No-Scale Supergravity [42T - |4(| , including a deep con- 
nection to the string theory infrared limit (via compacti- 
fication of the weakly coupled heterotic theory [64{ or M- 
theory on S 1 /Z 2 at the leading order [65j), and a mech- 
anism for SUSY breaking which preserves a vanishing 
cosmological constant at the tree level (facilitating the 
observed longevity and cosmological flatness of our Uni- 
verse [42}). 

The gauge group of flipped SU{5) is SU{5) x U(l) x , 
which can be embedded into 5O(I0). The generator 
U(1)y< is defined for fundamental five-plets as +1/2 for 
the doublet, and —1/3 for the triplet members. The hy- 
percharge is given by Qy = (Qx — Qy)/5. There are 
three families of Standard Model (SM) fermions, whose 
quantum numbers under the SU (5) x U(l)x gauge group 



# = (10,1) ; /i = (5,-3) 



£ = (1,5), (1) 



where i = 1, 2, 3. For breaking the GUT symmetry, there 
is a pair of ten-plet Higgs, as well as a pair of five-plet 
Higgs for electroweak symmetry breaking (EWSB). 



#=(10,1) 
h=(5,-2) 



H = (10, -1) 
h =(5, 2) 



(2) 



Since there have been no observations of mass degenerate 
superpartners for the known SM fields, SUSY itself must 
be broken around the TeV scale. In mSUGRA Q, this 
begins in a hidden sector, and the secondary propagation 
by gravitational interactions into the observable sector is 
parameterized by universal SUSY-breaking "soft terms" 
that comprise the gaugino mass Mi/ 2 , scalar mass Mq 
and the trilinear coupling A. The ratio of the low energy 
Higgs vacuum expectation values (VEVs) tan/3, and the 
sign of the SUSY-preserving Higgs bilinear mass term 
fj, remain undetermined, while the magnitude of the p, 
term and its bilinear soft term are determined by the 
Z-boson mass Mz and tan/3 after EWSB. Considering 
only the most simple No-Scale scenario, Mo=A=B fl =Q 
at the boundary of unification, while the full array of low 
energy SUSY breaking soft-terms evolve down from the 
only non-zero parameter Mi/ 2 . Consequently, the SUSY 
mass spectrum is proportional to M 1 / 2 at leading order, 
which renders the bulk "internal" physical properties in- 
variant under an overall rescaling. 

The condition on consistency between the high-energy 
Bfj, = and low-energy value of B^ that is required by 
EWSB is very challenging to reconcile under the rcnor- 
malization group equation (RGE) running. Our solution 
involves modifications to the /3-function coefficients that 
are generated by the inclusion of the extra vector-like 
flippon multiplets, that actively participate in radiative 
loops above their mass threshold My. The mass My 
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should be of the TeV order as suggested by naturalness 
in view of the gauge hierarchy and \x problems. Evading a 
Landau pole for the strong coupling constant constrains 
the set of vector-like flippon multiplets which may be 
given a mass in this range to only two constructions with 
flipped charge assignments, which have been specifi cally 
realized in the F-theory model building context [37H39j . 
We adopt the multiplets 

XF (10:1) = (XQ,XD C ,XN C ) ; Xl (1)5) = XE C (3) 

where XQ, XD C , XE C and XN C carry the same quan- 
tum numbers as the quark doublet, right-handed down- 
type quark, charged lepton and neutrino, respectively. 
Alternatively, the pair of SU (5) singlets can be discarded, 
but phenomcnological consistency then necessitates the 
considerable implementation of unspecified GUT thresh- 
olds. Either way, the (formerly negative) one-loop j3- 
function coefficient of the strong coupling becomes 
precisely zero, flattening the RGE running, and generat- 
ing a wide gap between the large a 32 — a 3 (M z ) — 0.11 
and the much smaller ax at the scale M 32 of the in- 
termediate flipped SU(5) unification of the SU(3)c X 
SL/(2)l subgroup, facilitating a quite important sec- 
ondary running pha se up to the final SU(5) x U(l)x 
unification scale [4j|, which may be elevated by 2-3 or- 
ders of magnitude into adjacency with the Planck mass, 
where the B u = boundary condition fits like hand to 
glove 0,|6fl[67|]. This final SU{5) x U(l) x unification 
scale is denoted as Mjr, where we discover that for the 
viable parameter space consistent with the latest exper- 
iment, Mjr emerges at about 4-6 xlO 17 GeV, right near 
the string scale of ^5xl0 17 GeV. This is in quite favor- 
able contrast to the gap between the string scale and 
the traditional GUT scale of -2xl0 16 GeV that intro- 
duced the "little hierarchy" problem. This natural reso- 
lution of the "little hierarchy" problem corresponds also 
to true string-scale gauge coupling unification in the free 
fermionic string models 1681 or the decoupling sce- 
nario in F-theory models [38|, |39j , and also helps to ad- 
dress the monopole problem via hybrid inflation. 

The flippon multiplets trigger a similar effect on 
the RGEs of the gauginos as a result of the modi- 
fications to the /3-function coefficients. Particularly, 
the gaugino mass M 3 evolves down flat from the high 
energy boundary, obeying the relation M3/M1/2 — 
a 3 (Mi) / a 3 (M 32 ) — O (1), which elicits a noticeably light 
gluino mass. In contrast, the SU(2)\ J and hypercharge 
U(1)y associated gaugino masses are driven downward 
from the Mi/ 2 boundary value by approximately the ra- 
tio of their corresponding gauge couplings (eta, ay) to the 
strong coupling a s . A rather light stop squark t\ results 
from the large mass splitting expected from the heavi- 
ness of the top quark via its strong coupling to the Higgs 
(which is also key to genera ting an appreciable radiative 
Higgs mass shift A ml |69W73j). The characteristically 
predictive mg < rrig < rrig mass hierarchy of a light stop 
and gluino, both lighter than all the remaining squarks, 
is stable across the full No-Scale J--SU(b) model space, 



though not replicated in any CMSSM or mSUGRA con- 
structions that we are aware of. 

The spectrum associated with this mass hierarchy gen- 
erates a unique event topology starting from the pair pro- 
duction of heavy squarks qq, except for the light stop, in 
the initial hard scattering process, with each squark likely 
to yield a quark-gluino pair q — > qg. Each gluino may be 
expected to produce events with a high multiplicity of 
virtual stops or tops, via the (off-shell for M 1 / 2 < 729 
GeV) g — > tit transition, which in turn may terminate 
into hard scattering products such as — > W + W~bbxi and 
W~bbr + i/ T Xi, where the W bosons will produce mostly 
hadronic jets and some leptons. The model described 
may then consistently produce a net product of eight 
or more hard jets emergent from a single squark pair 
production event, passing through a single intermediate 
gluino pair, resulting after fragmentation in an impres- 
sive signal of ultra-high multiplicity final state jet events. 

The entirety of the viable J 7 -SU(5) parameter space 
naturally features a dominantly bino LSP, at a purity 
greater than 99%, as is exceedingly suitable for direct de- 
tection. There exists no direct bino to wino mass mixing 
term. This distinctive and desirable model characteris- 
tic is guaranteed by the relative heaviness of the Higgs 
bilinear mass fi, which in the present construction gener- 
ically traces the the universal gaugino mass M 1 / 2 at the 
boundary scale M_f, and subsequently transmutes under 
the RGEs to a somewhat larger value at the electroweak 
scale, as detailed in Table (jT| for the ten representative 
points to be discussed later in this work. 

A large region of the bare- minimally constrained [20j 
parameter space of No-Scale JF-SU(5), as defined by con- 
sistency with the world average top-quark mass m t , the 
No-Scale boundary conditions, radiative EWSB, the cen- 
trally observed WMAP7 CDM relic density limits 0.1088 
< VLh 2 < 0.1158 [4| (we assume a thermal relic), and 
precision LEP constraints on the lightest CP-even Higgs 
boson nih [zH Is! and other light SUSY chargino and 
neutralino mass content, remains viable even after care- 
ful comparison against the recent light Higgs boson mass 
constraints [76l478j . The intersection of these experimen- 
tal bounds is quite non-trivial, as the tight theoretical 
constraints, most notably the vanishing of at the high 
scale boundary, render the residual parameterization in- 
sufficient for arbitrary tuning of even isolated predictions, 
not to mention the union of all predictions. 

The cumulative result of the application of the bare- 
minimal constraints shapes the parameter space into the 
large profile situated in the M 1 / 2 ,My plane exhibited in 
Fig. (fTJ), from a more tapered light mass region with a 
lower bound of tan /3 = 19.4 demanded by the LEP con- 
straints, into a more expansive heavier region that ceases 
sharply with the charged stau LSP exclusion around 
tan/3 ~ 23, where we overlay smooth contour gradients of 
top quark mass, tan/3, and the WIMP mass. The bare- 
minimal constraints set lower bounds at about Mi/ 2 ~ 
385 and My ~ 925 GeV correlated to the lower bound 
on tan/3 of around 19.4, and upper bounds near M]/ 2 ~ 
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M 1/2 (GeV) 

FIG. 1: The bare- minimally constrained parameter space of No-Scale F-SU (5) is depicted as a function of the gaugino boundary 
mass M x / 2 and the vector-like mass My. The WIMP mass, top quark mass mt, and tan/3 are demarcated via the solid, dashed, 
and dotted contour lines, respectively. The legend associates each shade with its respective numerical value of the WIMP mass, 
which is the lightest neutralino mass m~o in the present model. The four arrows positioned just outside the outer boundaries 
of the parameter space specify the reason for exclusion of the non-shaded regions. The region disfavored by an nth < 124 GeV 
light Higgs boson is marked out with the Crosshatch pattern. All masses are in GeV. 



900 and My — 9.7 TeV, correlated to the upper bound 
on tan/3 at about 23. Though not visible in the two- 
dimensional rendering of Fig. ([T]), we note that the re- 
gion in Fig. ([T]) representing the No-Scale T-SU^) ex- 
perimentally allowed model space consists of extended 
continuous regions of parameter space that could be re- 
garded as layers, where the -8^=0 constraint at the high 
scale boundary and adherence to the 7-year WMAP lim- 
its on the relic density in our universe further constrain 
the region in Fig. (JTJ) to that of a single layer. The 
model space beyond the hashed over region illustrated 
in Fig. (JTJ) consists of those points within the parameter 
space not excluded by the recent light Higgs boson mass 
constraints [zl-IzU, as derived in Refs. [H, H3> HI ap- 
plying the additional contributions from radiative loops 
in the vector-like multiplets. The surviving region in 



Fig. (JTJ predicts a more narrowed region of the flippon 
vector-like mass 1 < My < 6 TeV. 

A top-down consistency condition on the gaugino 
boundary mass M-yi 2 , and the parametrically coupled 
value of tan/3, is dynamically determined at a secondary 
local minimization dV m i n /dMi/2 = of the minimum 
of the Higgs potential V* m i n . Since M1/2 is related to 
the modulus field of the internal string theoretic space, 
this also represents a dynamic stabilization of the com- 
pactification modulus. The result is demonstrably con- 
sistent with the bottom-up phenomenological approach 
fl7t I20I |25| , and we note in particular a rather dis- 
tinctive conclusion that is enforced in both perspectives: 
the ratio tan/3 must have a value very close to 20. 

A further noteworthy aspect emerging from our prior 
work on No-Scale JF-SU (5) is a rather suggestive linkage 
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between the Higgs bilinear mass term (i and the gaugino 
mass Mx/ 2 . We find that M 1 / 2 is virtually equal to fi 
across the entire region of the model space investigated 
here, as evidenced in Table ((XJ) for the ten representative 
points to be discussed shortly. This may be an effect 
of the strong No-Scale boundary conditions and might 
moreover have deep implications to the solution of the (i 
problem in the supersymmetric standard model (79| . The 
fact that n and My might be generated from the same 
mechanism [79| represents an additional naturalness ar- 
gument for the suggestion that ju and My should be of 
the same order. 



IV. A DUAL DARK MATTER CASE STUDY 

The proportional rescaling associated with the single 
massive input Mi/ 2 explains the ability to generate the 
WMAP7 successfully and generically, where we assume 
a thermal relic. The correct DM relic density can be 
generated by the LSP neutralino and light stau coanni- 
hilation. Moreover, because M 1 / 2 =0 at tree-level, the 
gravitinos and moduli can be heavy in No-Scale super- 
gravity, about ~30 TeV [s3 | . Hence, the decay of graviti- 
nos and moduli into supersymmetry particles that could 
potentially repopulate the universe is negligible, and thus 
the reheating temperature of the early universe is small. 
All considered, it indicates how finely naturally adapted 
(not finely tuned) No-Scale J r -5't/(5) is with regards to 
the question of relic density. Although currently safe, 
it does appear that the full model space may be effec- 
tively probed in the near future by the extended reach of 
the ongoing data collection at XENON100 or one of its 
successors. The relevant scale dependent sensitivity con- 
tours to spin-independent DM-nucleon scattering, along 
with their relation to the putative T-SU(5) signal, are 
depicted in Fig. @. The set of plots in Fig. Q provide 
a detailed view of the interrelation between the gaugino 
mass M1/2, the vector-like multiplet mass My, the ratio 
of Higgs vacuum expectation values (VEVs) tan/3, the 
bino WIMP mass, and the spin-independent DM-nucleon 
scattering cross section crsi in picobarns. Our SUSY mass 
spectrum and scattering cross-section calculations have 
been performed using MicrOMEGAs 2.4 [Hj], employing a 
proprietary modification of the SuSpect 2.34 [84[ code- 
base to run the RGEs. 

We take a sufficiently broad sampling of the viable No- 
Scale F-SU(5) parameter space such that a global pic- 
ture of the model's phenomenology can emerge. Fig. (0| 
demonstrates that a correlation does exist in this model 
between the collider and direct detection DM search 
methodologies. To clearly exhibit this correlation, we 
directly compare the number of F-SU (5) SUSY multijet 
events for 5 ftT 1 at the v r s= 7 TeV LHC for the AT- 
LAS search strategy of Ref. [8l[ against the gaugino mass 
M Y 1 2 and also the spin-independent DM-nucleon scatter- 
ing cross section crgi in picobarns. As Fig. (0| illustrates, 
there is a prominent correlation between the outlook of 



these two key experiments, with an enhancement in the 
prospect for near-term DM detection occurring, as might 
be expected, at the lighter mass scales in both cases. For 
our collider level analysis, we enumerate in Fig. Q the 
number of T-SU(5) SUSY events for the 5 fb _1 delivered 
at t/s = 7 TeV. We mimic the ATLAS post-processing 
cuts of Ref. [8l| for the case of jet px > 80 GeV and 
ff™ lss /V-Ht in the range (4.0 — > inf). We retain only 
those events with greater than or equal to seven jets, 
where we refer to this search strategy as 7j80, due to the 
more suppressive nature of the ATLAS cuts in the high 
jet multiplicity regime. 

We execute on each of the ten benchmark samples an 
in-depth Monte Carlo collider-detector simulation of all 
2-body SUSY processes based on the MadGraph [85|, [86 1 
program suite, including the MadEvent [87j], PYTHIA [88 j 
and PGS4 [89| chain. The SUSY particle masses 
and spin-independent cross-sections are calculated with 
MicrOMEGAs 2.4, applying the proprietary modifica- 
tion of the SuSpect 2.34 codebase to run the flippon- 
enhanced RGEs. We implement a modified version of 
the default ATLAS detector specification card provided 
with PGS4 that calls an anti-kt jet clustering algorithm, 
indicating an angular scale parameter of AR = 0.4. The 
resultant event files are filtered according to a precise 
replication of the selection cuts specified by the ATLAS 
Collaboration in Ref. 8l|, employing the script CutLHCO 
2 . [13] to implement the post-processing cuts. 

We further observed in the simulation a strongly 
peaked Poisson-like distribution of the histogram on 
missing transverse energy, defined as: 



frmiss 



\ 



jets 



PT COS ( 



Pt sin i 



(4) 



jets 



Curiously, the central value appears to correlate strongly 
with a small multiple of the LSP neutralino mass. Given 
the allowed kinetic excess over the jet invariant mass, 
the trigonometric reduction from extraction of the beam- 
transverse component, and the possibility of partial can- 
cellation between the dual neutralino signal (with ran- 
domly oriented directionality due to the multi level de- 
cay cascade), it does not seem obvious that this should 
be the case. We have devoted a full investigation to the 
theoretical origins and broader generality and persistence 
of this result across the parameter space and with vari- 
ous beam energies in a complementary publication [2l| . 
including also comparisons against CMSSM model con- 
trol samples. Indications suggest a possibly effective tool 
for extraction of the LSP mass from collider level events, 
allowing for a richer empirical correlation against direct 
detection observations. We emphasize that the suppres- 
sion of the SM background necessary for the potential 
extraction of such a peak is naturally provided by a mul- 
tijet search methodology. 

We exact out of the viable region of parameter space 
displayed in Figs. (HJ-fHJ) ten representative points in Ta- 
ble (jH and Table (pi]), where we identify the points by 
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FIG. 2: Direct dark matter detection diagram associating the WIMP mass with the spin- independent annihilation cross-section 
ctsi- Delineated are the current upper bounds from the CDMS [47l ] and XENON100 [ill.[i"2| experiments, including the projected 
sensitivity of the 1-ton XENON experiment [8(| . The region of parameter space shown is that which satisfies the bare minimal 
phenomenological constraints of Ref. [2p| ]. illustrated as a function of Mi/% and My in Fig. J!}. The shading of the parameter 
space here depicts continuous levels of JWi/ 2 . The region disfavored by an < 124 GeV light Higgs boson is marked out with 
the Crosshatch pattern. All masses are in GeV. 



their respective M 1 / 2 , My, tan/3, and m t . In Table dJ) 
we provide the WIMP mass, the /i parameter at the elec- 
troweak scale and unification scale Mjr, relic density ilh 2 , 
spin-independent annihilation cross-section a$i, and the 
total number of F-SU(5) SUSY 7j80 multijet events for 
5 ftT 1 of luminosity at 7 TeV. Details of the SUSY spec- 
trum for these ten points are shown in Table (JTTJ) . Notice 
the mass splitting between the gluino mass m-g and light 
stop mass in Table (JTTJ) , the transition of which re- 
quires a virtual light stop, proceeding through the decay 
(off shell for Afi/2 < 729 GeV) process g — > tit, where 
the light stops lead to additional top quarks. Thus, the 
source of the large number of multijet events via the pro- 
duction of numerous top quarks occurs very elegantly 
and naturally in No-Scale J--SU(5), concurrently with 
the naturally generated 125 GeV lightest Higgs boson 
mass. 

The discrete numerical data in Table (jT)) and continu- 
ous gradient contours in Fig. (0} provide compelling link- 
age between the XENON100 experiment and the LHC in 
No-Scale J--SU(5). The bino mass range for our param- 



eter space is from about 75 to 200 GeV, where most of 
this LSP range remains beyond the boundaries explored 
thus far at the colliders and direct detection experiments. 
The predominantly bino composition of the LSP follows 
from the large Higgs mixing mass /x at the electroweak 
scale of about 700 GeV to 1.4 TeV, as specified in Table 

©• 



V. CONCLUSIONS 

The immediate era of particle physics research repre- 
sents a historic opportunity for the experimentalist, the 
phenomenologist, and the theorist, as the decades long 
pursuit of a discovery and correct description of dark 
matter potentially advances toward an ultimate resolu- 
tion in the near future. On the experimental front, there 
are two key approaches to the SUSY DM search, with 
the collider production efforts led currently by the LHC, 
and the best near term hopes of direct detection carried 
by the XENON100 collaboration. Though the two ap- 



8 



10000 ■ 
9000- 
8000 ■ 



^ 6000- 
> 
CD 

CD. 5000- 



4000- 
3000- 
2000- 
1000- 
■ 



. Region of the Jf-SL/(5) parameter space 
excluded by m h < 124 GeV. 




— I ' 1 ' 1 ' 1 ' 1 ' 1 — 

400 500 600 700 800 900 



— . 6000 
> 
CD 

O 5000 - 



3000- 
2000- 
1000 - 





-i 1 1 1 1 1 1 1 1 1 1 1 r- 

60 80 100 120 140 160 180 200 



M 1/2 (GeV) 



WIMP Mass (GeV) 



CO 





M 1/2 (GeV) 



60 80 100 120 140 160 180 200 

WIMP Mass (GeV) 



FIG. 3: Shaded gradients linking the spin-independent annihilation cross-section ctsi to the WIMP mass and model parameters, 
where the cross-section is essentially a flattened third dimension. The legend associates each shade with its respective numerical 
value of (tsi. The regions of parameter space depicted here are those which satisfy the bare minimal phenomenological constraints 
of Ref. [2(j, illustrated as a function of M 1 / 2 and My in Fig. {TJ. The region disfavored by an mjj < 124 GeV light Higgs boson 
is marked out with the Crosshatch pattern. All masses are in GeV. 



proaches are quite distinct, their fundamental goals are 
identical and their empirical scopes are complementary. 

The search for a dark matter candidate is also transpir- 
ing on the model building front for a picture which may 
efficiently and naturally satisfy all current experimental 
bounds, while making clearly testable predictions, ideally 
within the scope of the near term experiments. We have 
continued our description of the model named No-Scale 



T-SVi^i), which we claim actualizes each of these neces- 
sary and desirable characteristics. We have undertaken 
a dual case study of the specific signatures which a No- 
Scale F-SU(5) SUSY signal would demonstrate at both 
XENON100 and the LHC. 

In our model, the LSP neutralino is over 99% bino 
due to the relatively large ^ term at the electroweak 
scale. Thus, the viable parameter space automatically 
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FIG. 4: Correlation between the search for dark matter at the LHC with the XENON100 and all direct-detection experiments. 
The region exhibited here is the parameter space displayed in Figs. H}-©. The gradients represent the number of J--SU(5) 
SUSY multijet events for 5 fb" 1 of luminosity at yfs = 7 TeV, using the ATLAS 7j80 search strategy of Ref. [gj. The red 
contour lines demarcate the specifically labeled number of !F-SU(5) SUSY multijet events. The legend associates each shading 
with its respective numerical value of the number of J r -S{/(5) SUSY multijet events. The region disfavored by an mj, < 124 
GeV light Higgs boson is marked out with the Crosshatch pattern. All masses are in GeV. 



satisfies the current constraints from the XENON100 and 
CDMS/EDELWEISS experiments. However, the signal 
is not dramatically beneath the current detection thresh- 
old of the direct detection experiments, so that we con- 
sider future detectability to be quite plausible. More- 
over, the viable parameter space can be tested at the 
early LHC run by searching for a supersymmetry signal of 
ultra-high multiplicity hadronic jets which are a charac- 
teristic feature of the distinctive No-Scale J : -SU(5) mass 
hierarchy. We add that the predicted vector-like particles 
may also themselves be directly produced during the on- 
going and future LHC runs. The lightest CP-even Higgs 
boson mass in the Minimal Supersymmetric Standard 
Model is consistently predicted to be about 120 GeV, 
and with the additional contributions from the vector-like 
particles, a 125 GeV higgs boson mass can be naturally 
generated. 

The ability of No-Scale J 7 -SU(5) to satisfy current ex- 
periment and remain largely intact from advancing LHC 



constraints is made all the more persuasive by compari- 
son to the standard mSUGRA based alternatives, which 
despite a significantly greater freedom of parameteriza- 
tion, was rapidly cut down by the early results from the 
LHC and from XENON100. 
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TABLE I: Ten representative points selected from the viable parameter space depicted in Figs. (HI-©, organized in terms of 
the parameters (M1/2, My, tan/?, mt). The WIMP mass is represented by ra~o, which is the lightest neutralino mass in the 
present model. The values of the /i parameter are those at the electroweak symmetry breaking scale and at the unification scale 
Mr- The relic density Q.h 2 constraint strictly adheres to the 7-year WMAP measurements 0.1088 < flh 2 < 0.1158 4]. The 
ersi values represent the spin-independent annihilation cross-sections. The final column specifies the number of F-SUfi) SUSY 
multijet events for 5 fb" 1 at */s = 7 TeV, using the ATLAS 7j80 search strategy of Ref. [glj to exhibit the close correlation in 
No-Scale J r -5'f/(5) between multijet events at the LHC and the spin-independent cross-section. All masses specified here are 
in GeV. 



M 1/2 


M v 


tan /3 




mo 


(j(EW) 




m 2 


oai (xl0- 10 pb) 


T - SU(5) 7j80 Events 


405 


1050 


19.40 


173.8 


77 
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0.1126 


3.8 


51.0 
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19.95 


174.0 


87 
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41.4 


505 
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20.47 
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98 
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0.1131 


1.7 


27.1 


550 


1800 


20.85 


174.3 


109 


924 


551 


0.1113 


1.3 


19.1 


610 


1985 


21.25 


174.4 


123 
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0.1134 


0.95 


10.6 


650 
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21.48 


174.4 


132 


1059 


645 


0.1139 


0.78 
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1132 
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0.1110 


0.61 
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22.38 
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164 
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0.1132 


0.49 


1.0 


850 


4310 


22.52 
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181 


1300 


832 


0.1129 


0.38 


0.4 


900 


5000 


22.75 


174.4 


193 


1357 


877 


0.1094 


0.33 


0.2 



TABLE II: Supersymmetry and light Higgs boson masses of the ten representative points of Table (jl]), organized in terms of 
the parameters (M1/2, My, tan/3, m t ). The second lightest neutralino m-o and lightest chargino m~± masses are degenerate 
in the present model, which we designate here in the short-hand notation m , ± . Note the mass splitting between the gluino 
g and light stop ti, which is natural in No-Scale F-SUfi), the transition of which requires a virtual stop for Ali/2 < 729 GeV, 
via g — > tit. All masses specified here are in GeV. 
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